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Abstract
Background: This study was aimed at developing a myocardial bridge-mural coronary artery simu-
lative device and analyzing the relationship between shear stress on the mural coronary artery and 
atherosclerosis.
Methods: A myocardial bridge-mural coronary artery simulative device was used to simulate experi-
ments in vitro. In the condition of maintaining any related parameters such as system temperature, 
average flow rate, and heart rate, we calculated and observed changes in proximal and distal mean 
values, and oscillatory value of shear stress on the mural coronary artery by regulating the compression 
level of the myocardial bridge to the mural coronary artery.
Results: Under 0% compression, no significant differences were observed in distal and proximal mean 
values and oscillatory value of the shear stress on the mural coronary artery. With the increase in the 
degree of compression, the mean shear stress at the distal end was greater than that at the proximal end, 
but the oscillatory value of the shear stress at the proximal end was greater than that at the distal end.
Conclusions: The experimental results of this study indicate that myocardial bridge compression 
leads to abnormal hemodynamics at the proximal end of the mural coronary artery. This abnormal 
phenomenon is of great significance in the study of atherosclerosis hemodynamic pathogenesis, which 
has potential clinical value for pathological effects and treatments of myocardial bridge. (Cardiol J 2017; 
24, 5: 530–538)
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Introduction
The coronary artery and its branches usu-
ally course above the surface of the myocardium 
through the epicardial fat or deep into the heart 
epicardium. Muscle overlaying the mural coronary 
(MC) artery is termed myocardial bridge (MB), and 
the segments of the coronary artery covered by 
the MB are called “mural coronary artery”. MB is 
a common anatomical phenomenon, with an inci-
dence between 15% and 85% [1–5]. In the normal 
anatomic position of the heart, the entrance of the 
MC is the proximal end and its exit is the distal end.
MB–MC artery is a complex condition with 
a unique anatomical variation. Several studies dem-
onstrated that MB–MC artery is associated with 
cardiovascular diseases such as atherosclerosis and 
myocardial ischemia. Some researchers proposed 
basic science and experimental cardiology
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a high incidence of atherosclerosis at the proximal 
end of MC [6] but a low incidence of atherosclerosis 
formation in the MC segment and its distal end 
[7–11]. Atherosclerosis is closely related to the 
shear stress on blood vessels. Abnormal shear 
stress can alter the morphological structure and 
function of endothelial cells by activating multiple 
signal channels [12–15]. Pan [16] suggested that low 
shear stress and oscillatory shear stress can pro-
mote the formation of atherosclerosis by increas-
ing the adhesion of leukocytes, plasma lipoprotein 
permeability, and the migration of smooth muscle 
cell and reactive oxygen species. Therefore, the 
study of abnormal shear stress can provide clinical 
reference for the investigation of the relationship 
between shear stress and atherosclerosis.
By using the MB–MC artery simulative de-
vice, which was designed by our research group, 
this study aimed at investigating the relationship 
between change in the shear stress on the coro-
nary artery and high incidence of atherosclerosis 
at its proximal end under the circumstance of MB 
by simulating experiments in vitro and analyzing 
the corresponding shear stress at the proximal and 
distal ends of the MC.
Methods
Structure and function of the device
The MB–MC artery simulative device, as il-
lustrated in Figure 1, is a circulatory system that 
includes a heart pump, compliance chamber, MB, 
simulative MC, afterload, reservoir, thermostatic 
device, and measuring system.
Two basic functions of the MB–MC artery 
simulative device are as follows: to simulate blood 
circulation, adjust, measure, provide real-time dis-
play, and record parameters of the blood circulatory 
system such as heart rate, velocity, pressure and 
temperature; and to provide a three-dimensional 
flow field and an adjustable shear stress environ-
ment for pipe flow chamber, and create an oppres-
sive force on the MC artery.
The parameters of the simulative circulatory 
system can change within a certain scope. The 
parameters include heart rate, velocity, pressure, 
stroke volume, degree of pressure on the coronary 
artery, MB width, and the load in the coronary ar-
tery branches. The heart pump, which is used to 
simulate the heart, including its pressure range of 
0 to 26.66 kPa (0–200 mm Hg, 1 mm Hg = 0.133 
kPa), its flow rate range of 0.25 to 1.25 L/min, and 
its frequency of 40 to 200 times/min.
Heart pump
The study employed a scheme of mechani-
cal simulation in which the design of the cam is 
a crucial issue. Our design basis is as follows: when 
the pump is running, the total resistance remains 
constant; thus, the relationship between output 
pressure P (t) and output flow volume Q (t) is linear. 
If the cross-sectional area of the piston pump is 
kept invariable, from the equation Q (t) = V (t) A 
we observed that P (t) and the piston velocity V (t) 
also had a linear relationship. A represents the 
cross-sectional area. Thus, if P (t) is known, we can 
obtain the velocity curve of the piston. Therefore, 
the problem is transformed into solving the cam 
contour that drives the piston to motion based on 
the known piston velocity curve V (t). This can 
be realized by integrating the velocity curve and 
appropriately dealing with the integral value. The 
Figure 1. A block diagram of the myocardial bridge-mural coronary artery simulated device.
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results of the experiments show that the simulated 
pressure curve is relatively consistent with the 
pressure curve of the human heart [17].
Compliance chamber
The function of the compliance chamber is 
to simulate the elastic function of the aorta and 
change the intermittent blood ejection of the 
pulsatile pump into a continuous pulsatile flow. 
The compliance chamber can store and discharge 
energy for the system. The volume of the gas 
chamber can be calculated with the equation [18]:
where DV is the pump output per pulse, and P1 and P2 
are the systolic and diastolic pressures, respectively.
The total gas volume V0 correspondingly var-
ies with different P1 and P2 values. However, the 
following law is always satisfied: the smaller the 
difference between P1 and P2, the larger the V0. 
When P1 = P2, V0 is infinite. In order to make the 
pulsatile amplitude adjustable within the stated 
range, the total compliance chamber volume V0 
should be between 200 and 400 mL. Figure 2 shows 
a picture of the compliance chamber.
MB and simulated MC module
The simulated MC module is a closed Lucite 
cube, and the internal situation can be observed 
clearly. The internal size of the module is 125 × 
× 110 × 55 mm (length × width × height). The 
volume of the module is much larger than that 
of the simulated coronary artery. The device can 
simulate the coronary artery with an inner diam-
eter of 4–5 mm and length of 80 mm. Measuring 
point 1 is set at the inlet of the module to measure 
the proximal velocity, while measuring point 2 is 
located at the outlet to measure the distal velocity. 
The MB blocks are set at both radial sides of the 
simulated MC. The blocks, which are driven by 
a motor, undergo the straight reciprocating mo-
tion along the guide rail according to the preset 
depth to compress the simulated MC. The device 
can perform bilateral or unilateral compression, 
and different sized blocks can be chosen to get 
different compression width. The simulated MC 
is made of silicone tube, with an internal diameter 
of 4.33 mm and external diameter of 4.93 mm. 
Figure 3 shows the MB and the simulated MC 
module structure.
The MB and simulated MC module can simu-
late two working cases (Fig. 4). Figure 4A shows 
the normal coronary artery without MB compres-
sion. Figure 4B shows a case of systolic compres-
sion that reduced the size of the lumen area of 
the MC, as the compression depth and width are 
adjustable.
Afterload
The function of the afterload is to simulate the 
peripheral resistance of the microvessels and capil-
lary vessels (lumped resistance model). Regarding 
their physiological structure, the capillary vessels 
are very long and resistance is distributed along 
their total length without converging at one point. 
As far as capillary vessels themselves are con-
cerned, the distribution of resistance is related to 
their diameters, lengths, and patterns of branches. 
Thus, in this case, a lumped resistance model does 
not work. However, when studying the blood flow 
in the large arteries far upstream from the capil-
lary vessels, considering the influence of capillary 
vessels as “lumped resistance” is not only feasible 
but also technically convenient [19].
Figure 2. The compliance chamber.
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Reservoir and thermostatic device
The reservoir stores liquid and maintains 
system circulation.
The thermostatic device maintains the normal 
physiological temperature of 37 ± 1°C.
Measuring system
The measuring system in the model is made 
up of existing meter instruments. Test points 1 
and 2 are set at approximately 3 cm from the seg-
ments proximal and distal to MB. By connecting 
a Y-shaped tube, a Doppler flow wire (US Car-
dio-metrics FloMapll® Doppler velocity meter 
and 0.014-in Doppler guide wire of the Flo wire) 
can be inserted in the pipeline to measure and 
record the velocity where the ultrasonic detector 
is located.
The degree of narrowing  
of the MC artery diameter
Noble et al. [20] divided the degree of narrow-
ing of the MC during systole into three grades as 
follows: grade 1 (< 50%), no clinical symptoms; 
grade 2 (50–75% narrowing), increased lactic 
acid levels with myocardial ischemia; and grade 3 
(> 75% narrowing), significantly increased lactic 
acid, and presence of some clinical symptoms. In 
order to meet the needs in clinical research, the 
MB–MC artery simulative device can simulate the 
compression state of the above-mentioned three 
Figure 3. Myocardial bridge (MB) and simulated mural coronary module structure.
Figure 4. Myocardial bridge (MB) system.
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MB levels and can be used to calculate the shear 
stress at the proximal and distal ends of the MC.
Theoretical foundation
So far, the direct measurement of circular 
tube wall shear stress still has many technical 
difficulties, as it requires not only the detection 
of the velocity gradient near the circular tube 
wall with a relatively high spatial resolution 
but also ensuring that the circular tube wall is 
free of damage and has real-time continuous 
measurements. Xu et al. [21] and Liu et al. [22] 
proposed a method to calculate the shear stress 
on circular tube wall by measuring the flow rate 
of tube cross-section. By using this method, we 
calculated the wall shear stress at the proximal 
and distal ends of the simulative MC in the ex-
perimental device.
In our calculation, we assumed that the MC 
is isotropic and had a thin-walled linear elastomer 
and unchanged thickness under external force. The 
MC formed an axially symmetrical ring-like local 
narrow under MB compression (Fig. 4).
The blood flow velocity (V [0, t]) of the pipe 
cross-section (y = 0) at the proximal and distal ends 
of the simulative MC was calculated by using an 
ultrasonographic Doppler velocity meter, and the 
wall shear stress was calculated according to V (0, t).
 
 
The average shear stress (i.e., steady shear 
stress) t(y), pulsating shear stress t(y, t) and the 
total periodic shear stress t(y, t) were calculated 
according to equations (1), (2), and (3).
In the equations, m is the dynamic viscosity 
of simulative blood; r is the density of simulative 
blood; R is the inner diameter of the simulative artery; 
1j −= ; J0 is the zero-order Bessel function; J1 is 
the first-order Bessel function;
                                         
ak is the Womersley number; k = 0, 1, 2… ...N; 
V0 is the zero-order velocity coefficient of pipe 
axial; VK is the K-order coefficient of pipe axial.
In the calculation, the related parameters 
of simulated MC are as follows: the inner radius 
R = 2.165 × 10−3 m, simulated blood density 
r = 1.05 × 103 kg/m3, dynamic viscosity m = 3.8 × 
× 10−3 Pa · s, and cardiac cycle T = 0.85 s.
Experimental design
The liquid in the circulatory system of the 
simulative device is a mixture of low-molecular-
weight dextran and normal saline in the ratio of 
3 : 1 with a viscosity of 3.8 × 10-3 Pa · s [23].
The specific experimental operation is as 
follows:
1. Start the heart pump motor, let the motor 
control the movement of the heart pump to 
simulate the human heart, and then let the 
circulatory system start running.
2. According to clinical normal human physiologi-
cal parameters, preset the heart rate of the 
simulator at 70 bpm, adjust the accumulator 
and loads A and B to attain a systolic blood 
pressure of 120 mm Hg of the simulative MC 
and a diastolic pressure of 80 mm Hg, and set 
the average flow rate to 250 mL/min. Mean-
while, keep the pressure waveform in stable 
shape during the movement.
3. Maintain the preset system temperature, the 
average flow rate, and heart rate unchanged 
during the experiment. Start the MB squeez-
ing block machine. The squeezing block with 
a preset compression width creates a recip-
rocating and bidirectional compression on 
the pipe flow chamber according to the preset 
condition. The MB compresses the MC when 
the heart is systolic [24]. Thus, the frequency 
of the MB compression must be consistent 
with the heart systolic frequency. Besides, 
the maximum output pressure of the heart 
must keep pace with the maximum amount of 
compression of the MB.
4. Adjust the degree of the compression on 
the MC, and repeat the experiment several 
times. Calculate and observe the chang-
es in the proximal and distal mean value, 
and oscillatory value of the shear stress on 
the MC artery by using a computer when 
the degrees of compression are 0%, 50%, 
and 80%.
Main outcome measures
The simulated results of the shear stress pulse 
waveform; the proximal and distal shear stress 
under the compression of MB; and the adjustment 
results of shear stress.
(3)
~
(1)
(2)
w = 2pT y = 
r
R; ;
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Statistical analysis
Data were processed by performing a variance 
analysis with the SPSS 17.0 statistical software. 
Data were expressed in the form of X ± S.
Results
The simulated results of shear  
stress pulse waveform
In the simulated experiment, the pulse wave-
form of shear stress was observed under different 
degrees of compression and the shear stress at the 
proximal and distal ends of the MC was calculated. 
Figure 5 shows a waveform of shear stress under 
0%, 50%, and 80% compression of the MB to the 
MC artery.
As shown in Figure 5A, under 0% compres-
sion, the waveforms of shear stress at the proximal 
and distal ends of the MC were almost overlapping. 
Figure 5B shows that under 50% compression, the 
shear stress amplitude at the proximal end was 
higher than that at the distal end. As illustrated in 
Figure 5C, under 80% compression, the difference 
in shear stress amplitude increased.
The proximal and distal shear stress  
under the MB compression
The proximal and distal shear stress values 
under different degrees of MB compression were 
calculated. A curve (Fig. 6A) for the mean value of 
shear stress in the simulated MC was drawn accord-
ing to the experimental data. With the increase in the 
degree of compression, the mean shear stress at the 
proximal end had little change and the distal mean 
shear stress increased, with the distal mean shear 
stress being higher than the proximal mean shear 
stress. With the increase in the degree of compres-
sion, the shear stress on the simulative MC had vio-
lent shocks, and the degree of shocks at the proximal 
end was higher than that at the distal end (Fig. 6B).
Under 0% compression, the differences in mean 
and oscillatory values of shear stress at the proximal 
and distal ends were not significant. Under 50% 
compression, the differences between the proximal 
oscillatory and distal oscillatory shear stress values 
were significant, and the oscillatory shear stress 
value was significantly greater at the proximal end 
than at the distal end. Under 80% compression, both 
the mean and oscillatory values of shear stress at the 
Figure 6. Mean (A) and oscillatory values (B) of the 
shear stress in the simulated mural coronary artery.
Figure 5. Waveforms of shear stress under 0% (A), 50% 
(B), and 80% (C) of compression of the myocardial 
bridge to the mural coronary artery.
www.cardiologyjournal.org 535
Hao Ding et al., Estimation of shear stress by using a MB–MC artery simulating device
proximal and distal ends were all significantly dif-
ferent. The mean value of shear stress at the distal 
end was higher than that at the proximal end, and 
the oscillatory value of shear stress at the proximal 
end was higher than that at the distal end (Table 1).
The adjustment results of shear stress
In the simulative device, keep the system 
under constant temperature, flow rate, and heart 
rate. The redistribution of each branch flow can 
be realized by adjusting the afterload. Adjust af-
terloads A and B. The smaller afterload B and the 
greater afterload A, the greater the shear stress. 
Vice versa, the shear stress is smaller.
Discussion
According to the simulation experiment in 
vitro, with the increase in the degree of MB com-
pression, the distal mean shear stress is higher 
than the proximal mean shear stress. The reason 
for this phenomenon is that at the instance the MB 
compresses to the MC artery, the liquid flow rate 
at the MC distal end increases sharply, while the 
liquid flow at the proximal end is hindered and its 
flow rate is decreased.
Under 0% compression, both ends of the MC 
flow remained constant. The shear stress ampli-
tude at the proximal end was consistent with that 
at the distal end. With the increase in compression 
degree, proximal and distal shear stress waveforms 
begin to change. This is because when the MB 
compresses the MC artery, the lumen area of the 
MC decreases, resulting in retardation of the blood 
flow, leading to a sharp decline in proximal flow rate 
and shear stress, and to a distal blood flow rate and 
increased shear stress. When the compression was 
released, the blood at the proximal and distal ends 
flowed into the MC to fill the vacuum in the MC 
segment. This resulted in sharp increases in flow 
rate and shear stress. Meanwhile the distal flow 
rate and shear stress decreased.
The experimental results show that with the 
increase in the degrees of compression, the oscil-
latory value of the shear stress at the proximal end 
was higher than that at the distal end, and the mean 
value of the shear stress at the proximal end was 
less than that at the distal end. If the mean value of 
shear stress determines the extent of endothelial 
cell injury, the proximal end should have a high inci-
dence of atherosclerosis, which is inconsistent with 
the clinical facts [8–10]. Conversely, if the oscilla-
tory value of shear stress determines the extent of 
endothelial cell injury, the distal end should have 
a high incidence of atherosclerosis. The increase in 
oscillatory shear stress at the proximal end caused 
the MC to be under a fatigue loading state for a long 
time, which will cause fatigue damage to endothe-
lial cells and lead to coronary artery pathological 
changes, thereby causing related diseases such as 
atherosclerosis [25–36]. The simulated experiment 
results are consistent with the results of Ishii et 
al. [8] and Chiu et al. [9], i.e., the proximal end 
has a high incidence of atherosclerosis. Therefore, 
we conclude that the increase in oscillatory shear 
stress should be the main cause of endothelial cell 
injury. These conclusions have been verified by an 
experiment in another study [37].
The purpose of this study was to perform 
a simulation experiment in vitro along with 
a review of related literatures to present a reason-
able mechanical explanation of the results of the 
experiment. We propose that the increase in the 
oscillatory value of shear stress at the proximal end 
is the main reason for the high incidence of ath-
erosclerosis at the proximal end. This will provide 
Table 1. Comparison of proximal and distal shear stress values of the simulated mural coronary artery 
under various degrees of compressions of the myocardial bridge (x ± s, n = 15).
Degrees of compression
0% 50% 80%
Mean value [Pa]:
Proximal shear stress 3.705 ± 0.052 3.945 ± 0.054 3.949 ± 0.075
Distal shear stress 3.846 ± 0.044 3.719 ± 0.045 4.628 ± 0.038
Oscillatory value [Pa]:
Proximal shear stress 2.636 ± 0.040 2.765 ± 0.040 4.879 ± 0.038
Distal shear stress 2.444 ± 0.042 2.164 ± 0.042 2.218 ± 0.538
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references for studies on the relationship between 
shear stress and atherosclerosis.
Owing to the strong axial constraint of the 
connective tissue, the axial elastic deformation of 
the artery pipe is so slight that it can be ignored 
in the pipe axial velocity analysis [38]. Therefore, 
considering the artery pipe as a rigid pipe when 
analyzing the shear stress distribution in the artery 
pipe is a reasonable approximation. We calculated 
the Reynolds numbers for the simulated blood at 
the proximal and distal ends of the simulative MC 
and obtained a Reynolds number of < 2,000 for 
both. It means that the flow at the proximal and 
distal ends of the simulative MC is laminar. In this 
study, the inner diameters of the deformations at 
the proximal and distal ends of the simulative MC 
were so small that they can be ignored. The above-
mentioned conditions agree with the applicable 
conditions for equations 1 to 3. However, equations 
1 to 3 should not be used for calculating the shear 
stress when the diameter of the MC is markedly 
changed. The shear stress calculation method 
needs to be further discussed in a future work.
Limitation of the study
In this study, the simulation experiment was 
based on the normal human physiological pa-
rameters. The device simulated a heart rate of 
70 times/min, systolic blood pressure of 120 mm Hg, 
diastolic pressure of 80 mm Hg, and average flow 
rate of 250 mL/min.
Because of the limitation of the experimental 
device, we consider the coronary artery as a straight 
tube. The diameter of the tube is not changed. In 
fact, coronary arteries are not straight but bending 
with a varying radius during the heart cycle.
Conclusions
To simulate the changes in the hemodynamic 
parameters such as heart rate, flow rate, diameter 
of the tube coronary artery and shear stress in 
various situations, a comprehensive study on the 
relationship between these changes and athero-
sclerosis should be conducted in our subsequent 
research.
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